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Summary 
 
Pathogen driven balancing selection is thought to maintain polymorphism in Major 
Histocompatibility (MH) genes. However, there have been few empirical 
demonstrations of selection acting on MH loci in natural populations.  To determine 
whether natural selection on MH genes has fitness consequences for wild Atlantic 
salmon in natural conditions, we compared observed genotype frequencies of Atlantic 
salmon (Salmo salar) surviving in a river six months after their introduction as eggs 
with frequencies expected from parental crosses. We found significant differences 
between expected and observed genotype frequencies at the MH class II alpha locus 
but not at a MH class I-linked microsatellite or at seven non-MH-linked microsatellite 
loci. We therefore conclude that selection at the MH class II alpha locus was a result 
of disease-mediated natural selection, rather than any demographic event. We also 
show that survival was associated with additive allelic effects at the MH class II alpha 
locus. Our results have implications for both the conservation of wild salmon stocks, 
and the management of disease in hatchery fish. We conclude that natural or hatchery 
populations have the best chance of dealing with episodic and variable disease 
challenges if MH genetic variation is preserved both within and among populations. 
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1. Introduction 
 
The genes of the major histocompatibility complex (MHC) encode proteins that play a 
crucial role in the vertebrate immune response (Klein 1986) and several lines of 
evidence suggest that MHC polymorphism is maintained by pathogen-driven 
balancing selection (Hughes & Nei 1989; Hedrick et al. 2002). Possible mechanisms 
for this balancing selection include heterozygote advantage, negative frequency-
dependent selection or varying pathogen resistance over space and time (Hedrick et 
al. 1999; Hedrick et al. 2002), and there is still much debate about which of these 
mechanisms is most relevant to MHC.  MHC class I and class II alleles have been 
implicated in conferring disease resistance or susceptibility, but little empirical data is 
available (Sommer 2005). Associations between the variability at the human MHC 
(HLA) and disease susceptibility have been studied in great detail and have been 
shown for both autoimmune and infectious diseases (Hughes et al. 1996; Marsh et al. 
2000). Studies in experimental models such as mice have demonstrated clear effects 
of MHC genotypes with regard to susceptibility to infections (McClelland et al. 2003; 
2004). Investigations in natural vertebrate populations have focussed mainly on 
parasite-driven selection on MHC and in general, support the view that frequency-
dependent selection in the form of rare allele advantage is the most important 
mechanism for maintaining MHC genetic diversity (Sommer 2005). Links between 
MH genes and resistance or susceptibility to several major salmonid diseases, such as 
furunculosis and infectious salmon anaemia, have recently been found in farmed 
Atlantic salmon (Langefors et al. 2001a; Lohm et al. 2002; Grimholt et al. 2003), but 
as yet, disease-mediated selection on natural populations of this species has not been 
demonstrated  (Bernatchez & Landry 2002). The aim of this study, therefore, was to 
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empirically determine whether natural selection on MH genes has fitness 
consequences for wild Atlantic salmon in natural conditions and hence to assess 
whether disease-mediated selection could potentially impact on the genetic variability 
of wild populations. 
The Atlantic salmon (Salmo salar L.) is an anadromous fish that spends the 
first part of its life in freshwater (typically one to four years) and a further one to three 
years feeding in the ocean, before returning to natal rivers to spawn. Atlantic salmon 
are well suited to studies of natural selection on MH loci because they dominantly 
express single MH class I, class II alpha and class II beta loci (Grimholt et al. 2002; 
Stet et al. 2002). Any natural selection is therefore targeted on fewer loci and genetic 
analysis is relatively simple compared to species with multiple loci of each MHC 
class. MH class I and II loci are not linked in this species (Grimholt et al. 2002), 
hence, selective pressures on both sets of proteins can be assessed independently. (As 
MHC genes in teleosts do not form a single complex they are therefore known simply 
as MH genes in this taxon (Stet et al. 2002)). Atlantic salmon are a useful 
experimental model species because they produce large numbers of progeny, enabling 
large sample sizes to be acquired subsequent to periods of high mortality, such as the 
period following emergence from nests (Einum & Fleming 2000). The understanding 
of the basis of disease and immune response in Atlantic salmon is critical for the 
conservation of wild stocks. It also has implications for the sustainable management 
of salmon aquaculture, and for potential interactions between wild and cultured fish 
(Naylor et al. 2005; Roberge et al. 2006). While direct genetic effects of introgression 
between wild and hatchery-reared salmon have been demonstrated (McGinnity et al. 
2003), the impact of diseases originating from aquaculture (Håstein & Lindstad 1991; 
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Johnsen & Jensen 1994; McVicar 1997) on the genetic integrity of wild fish has not 
been addressed.  
Natural selection resulting from disease should only be detectable at 
immunogenetic loci, such as MH, while other forces such as genetic drift, migration 
and mutation should be detectable at both control and immunogenetic loci (Garrigan 
& Hedrick 2003). The immunogenetic loci included in this study were: (a) Sasa-UBA-
3UTR, a microsatellite marker embedded in the 3’ untranslated region of the MH class 
I locus; (b) Sasa-DAA-3UTR, a minisatellite marker embedded in the 3’ untranslated 
region of the MH class II alpha locus (Stet et al. 2002; Grimholt et al. 2003). In order 
to distinguish between natural selection and other forces that might impact on genetic 
variation, we also included eight putatively neutral microsatellite loci in the analysis 
as controls. Generalised linear models (GLM) were used to test the null hypothesis, 
i.e. no natural selection, by fitting the observed and expected genotype frequencies to 
a series of models that included terms representing selection resulting from 
heterozygote advantage (dominance deviations) or additive allelic effects. The null 
hypothesis is that under neutrality (i.e. no selection), genotype frequencies in 
surviving fish would be equal to those expected from parental crosses. The alternative 
hypotheses would therefore be that either a) frequencies of heterozygotes would be 
higher than expected in survivors if selection took place as a result of heterozygote 
advantage, or b) that frequencies of certain alleles (particularly rare ones) would be 
higher then expected in survivors if negative frequency-dependant selection had taken 
place. In theory, if a disease mediated selection event had occurred in the river, we 
would expect no evidence of selection at the eight neutral markers and conversely 
evidence of selection as a result of either a) or b) at the MH loci.  
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2. Materials and methods 
 
Hatchery and field methods  
 
The experiment was carried out in a contained section of the Srahrevagh river, 
located in the Burrishoole catchment in western Ireland (Fig. 1). As it is not 
acceptable to introduce diseases into pristine environments, we introduced non-native 
wild fish into the Burrishoole system, which has a history of intensive aquaculture and 
disease outbreaks including furunculosis (Aeromonas salmonicida). We selected wild 
broodstock from the Owenmore system in Co. Mayo (Fig. 1), approximately 50 km 
north of the Burrishoole river system, on the basis of Sasa-DAA-3UTR and Sasa-
UBA-3UTR markers, to ensure maximum allelic diversity and heterozygosity. 
Owenmore fish are not native to the experimental river and thus can be considered 
naive with respect to many of the pathogens endemic in the Burrishoole system. In 
addition, there has been no history of aquaculture in the Owenmore system, and thus 
fish from this system should not have been exposed to any aquaculture-associated 
diseases. 
The Owenmore broodstock were used to produce two groups, with differing 
allelic composition and expected hatching date, in the Burrishoole hatchery, hereafter 
called ‘Early Owenmore’ (eggs and milt stripped from 7 males and 5 females on 18th 
December 2001) and ‘Late Owenmore’ (7 males and 4 females on 27th December 
2001). A full reciprocal mating system was used, which produced 35 early families 
and 28 late families, the eggs from which were incubated in the hatchery until eyes 
were visible (‘eyed eggs’). The number of eggs per family ranged from 508 to 1091, 
with an average of 889. We excluded natural spawners from the experiment river over 
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the winter of 2001-2002, ensuring that the only salmon hatching in the river in 2002 
were from the experiment. This exclusion was facilitated by the presence of a 
complete upstream and downstream fish trap at the bottom of the Srahrevagh river 
(Fig. 1). In early February, we counted live eggs, mixed the families and 33,915 Early 
Owenmore eggs and 22,116 Late Owenmore eggs were planted in the upper reaches 
of the river in artificial redds (Donaghy & Verspoor 2000) (Fig. 1). Eggs from all 
families were mixed in one container and divided equally into sixteen egg boxes for 
placement in the artifical redds, thus ensuring a random distribution of families within 
the artificial redds.  At this eyed egg stage, ten eggs from each family were 
maintained in the hatchery as controls, to determine hatching success. As the highest 
level of mortality in natural Atlantic salmon populations occurs in the period 
following emergence from nests (Einum & Fleming 2000), we quantitatively fished 
ten sites in the river (Fig. 1) six months after their introduction as eggs (i.e. aged 0+) 
in order to estimate overall survival and parr distribution over the length of the river.  
Fish densities were calculated using removal sampling (three passes) (Zippin 1958). 
We then randomly sampled approximately 1,500 salmon parr from twenty four 
sections (each approximately 200 metres in length) of the whole river (Fig. 1). 
Aliquots of tissue from each individual were preserved in 99% ethanol.  
 
Genetic analysis  
 
The immunogenetic loci included in this study were: (a) Sasa-UBA-3UTR, a 
microsatellite marker embedded in the 3’ untranslated region of the MH class I locus; 
(b) Sasa-DAA-3UTR, a minisatellite marker embedded in the 3’ untranslated region of 
the MH class II alpha locus (Stet et al. 2002; Grimholt et al. 2003). A large number of 
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population genetics and experimental studies in fish have focussed on the 
characterization of the MH class II beta locus (Langefors et al. 2001b; Kurtz et al. 
2004; Wedekind et al. 2004). The rationale behind this choice is likely the fact that in 
mammals, class II beta alleles are highly polymorphic (e.g. the HLA-DRB loci with 
411 protein alleles), while the associated class II alpha chain is momomorphic (e.g. 
HLA-DRA with only two protein alleles). However, in salmonids, class II alpha loci 
are highly polymorphic (Stet et al. 2002). Furthermore, class II alpha and class II beta 
alleles form unique haplotypes (Stet et al. 2002): each class II alpha allele is 
associated with a unique class II beta allele. Therefore, characterization of either the 
alpha allele or beta allele is sufficient to describe the polymorphism of class II genes. 
As an initial examination of our results indicated a signature of selection on the Sasa-
DAA-3UTR minisatellite, we also unambiguously determined the Sasa-DAA genotype 
of all parents and progeny. As the relationship between Sasa-DAA alleles or 
genotypes and Sasa-DAA-3UTR markers is not one-to one, in that some of the 
markers are associated with more than one allele and vice versa, the assignment of  
Sasa-DAA genotype  involved the additional typing of an intron length polymorphism 
in the (linked) MH class II beta (Sasa-DAB) locus. Sasa-DAA/Sasa-DAB haplotypes 
have, for the most part, a unique combination of embedded microsatellite markers (H. 
–J. Megens et al., in prep). For those individuals where Sasa-DAA typing using the 
embedded markers in the Sasa-DAA and Sasa-DAB genes could not resolve the Sasa-
DAA allele, DNA sequencing of exon 2 of the Sasa-DAA locus was performed 
according to Consuegra et al. (2005). Results from both the MH class II embedded 
marker Sasa-DAA-3UTR, and also the actual MH class II allele Sasa-DAA are 
presented and discussed in the following sections, and are labelled Sasa-DAA-3UTR 
(minisatellite) and Sasa-DAA (allele) for clarity. 
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We typed 836 of the recaptured parr for the Sasa-UBA-3UTR dinucleotide 
microsatellite marker (based on Grimholt et al. 2002, but redesigned to obtain much 
shorter fragments and to avoid null alleles in divergent alleles such as Sasa-
UBA*0901), for the Sasa-DAA-3UTR 10 bp minisatellite marker (Grimholt et al. 
2000; Stet et al. 2002), for the Sasa-DAA allele  and for four control microsatellites 
(One107 (Olsen et al. 2000); Ssa171, Ssa202 (O'Reilly et al. 1996); Ssp2215 
(Paterson et al. 2004))  using fluorescently labelled primers. In addition we typed a 
random subset of 414 fish for an additional four control microsatellites (Ssa197 
(O'Reilly et al. 1996); SsaG7SP (Paterson et al. 2004); SSOSL85 (Slettan et al. 
1995); SsaD144 (King et al. 2005)). Samples were split between the two laboratories 
(Cork and London) and each laboratory typed the full range of loci. A subset of 
samples was typed by both laboratories to ensure consistency. DNA was extracted 
using the Wizard SVF Genomic DNA Purification System (Promega) or using a 
Chelex method (Estoup et al. 1996). DNA samples were amplified for all the markers 
in three multiplex reactions using the Qiagen Multiplex PCR kit in a final volume of 4 
µl with 30 cycles of the PCR profile recommended by manufacturers at 58 ºC 
annealing temperature or in ten independent PCRs (PCR profile consisted of 3min at 
95ºC, followed by 30 cycles of 30s at 95ºC, 30s at 56ºC (or 50ºC for MH Class II) and 
30s at 72º). Alleles were resolved in a ABI 377 automated sequencer (Applied 
Biosystems) and allele sizes were evaluated against a TAMRA 350/500 size 
standards, or on 18 or 25cm 6% polyacrylamide gels using a LiCor 4200 DNA 
sequencer with allele sizes evaluated against a 50-350bp size standard and a cocktail 
of common alleles. 
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Statistical analysis 
 
The statistical analysis was designed to test the null hypothesis that under 
neutrality (i.e. no selection), genotype frequencies in surviving fish would be equal to 
those expected from parental crosses. Alternative hypotheses would therefore be that 
either a) frequencies of heterozygotes would be higher than expected in survivors if 
selection took place as a result of heterozygote advantage, or b) that frequencies of 
certain alleles (particularly rare ones) would be higher then expected in survivors if 
negative frequency-dependant selection had taken place. A generalized linear model 
(McCullagh & Nelder 1989) was used for the analysis of the data, which was based 
on the comparison of observed genotype frequencies in fish surviving after 6 months 
with expected genotype frequencies calculated from parental crosses. This analysis 
was conducted for each of the eight neutral microsatellite markers, the Sasa-UBA-
3UTR microsatellite marker, and Sasa-DAA-3UTR minisatellite marker, and the Sasa-
DAA allele. Such models are very similar to standard regression models but are more 
general in that the response variable can be non-normal (e.g. Poisson or binomially 
distributed).  We assumed that the number of individuals ijY  of each genotype ij at a 
particular locus (the response variable in the model) followed a Poisson distribution, 
with an expectation of ijλ . Based on the known number of crossings made between 
parental genotypes, a measure of the expected number of recaptures under neutrality, 
ijx , was calculated. In the simplest case of neutrality, the observed number of 
recaptures ijλ  should be proportional to expectations based on the crossings made, 
ijx . Thus, under neutrality we have 'ij ija xλ = , or, taking logarithmic values, 
ijij xa lnln +=λ .   (1) 
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This represents our model H00 (see Table 1).  Equation (1) is a generalized linear 
model (McCullagh & Nelder 1989) with a log link-function and a Poisson response 
variable.  This choice of link function ensures that the response variable takes valid 
values (e.g. only positive values) for all values of the right hand side of equation (1) 
(the linear predictor of the model).  The term lijx ,ln  plays the role of an offset in the 
model, that is, a covariate for which the regression coefficient is not estimated but 
instead is known a priori. 
Different extensions of (1) were considered by including terms representing 
mechanisms of selection. Firstly, terms representing additive allelic effects si and sj of 
different alleles i and j were added to (1) to form model H01. If this model fitted the 
data well, it would indicate that fish with certain alleles had higher survival than fish 
with different alleles and that this effect was additive on the log scale. This means that 
the survival of a particular heterozygote, say ij, lies on the arithmetic mean of the 
survival of the homozygotes ii and jj on the log scale. Under this model allelic effects 
on survival are common to both groups of fish (Early Owenmore and Late 
Owenmore) so that alleles linked with higher survival in the Early Owenmore group 
are similarly linked to higher survival in Late Owenmore fish. We therefore extended 
model H01 to include differential survival with additive allelic effects varying 
between groups l, (Early or Late Owenmore) to get model H02: 
ljlilijllij ssxa ,,,, lnln +++=λ  . (2) 
The parameters lis ,  and ljs ,  represent the allelic effects of allele i and j in group l 
respectively, and la  is an intercept representing average survival in group l. In this 
model, the allelic effects may vary between groups of fish, with, for example, some 
alleles being linked to higher survival in Early Owenmore fish, but lower survival in 
Late Owenmore fish.   
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Secondly, terms representing heterozygote advantage hd  where h=1 for ij 
(heterozygotes) and h=0 for i=j (homozygotes) were added to the above model 
alternatives.  With the constraint that 0 0d = , the parameter 1d can thus be interpreted 
as a common increase (or decrease) in survival of heterozygotes relative to the 
expectation at the arithmetic mean of the respective homozygotes (the expectation 
under the model with only additive allelic effects).  The advantage of using a common 
parameter representing heterozygote advantage for all heterozygote types is increased 
statistical power and a more parsimonious (simpler) model.  We also fitted models 
where all heterozygote advantages ijd  were free parameters.  Under this model, the 
survival of at least one heterozygote differs from the expectation under the additive 
allelic effects model. The different model alternatives that were considered are 
summarized in Table 1. 
The constraint that all allelic effects sum to one was introduced to avoid over-
parameterization of the models. The intercept and offset term was included in all 
models and was fitted using the GLM-function of the software-package R . Models 
were assessed based on AIC-values (Burnham & Anderson 1998) which were 
calculated for all model alternatives. Nested model alternatives were also tested 
against each other using standard tests based on the change in deviance (McCullagh & 
Nelder 1989). In count data like these, the variance of the response variable is 
typically larger than expected from the model assumptions, a phenomenon known as 
over-dispersion (McCullagh & Nelder 1989). To assess this we also computed 
estimates (McCullagh & Nelder 1989) of the amount of over-dispersion for each 
selected model, that is, the factor c by which the variance of the response variable 
exceeds the theoretical variance (the variance is equal to the expectation in case of the 
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Poisson distribution). Thus, an over-dispersion value close to c=1 indicates that no 
over-dispersion is present.  
The estimates of the allelic effects (parameters si and sj) were used to calculate 
selection coefficients for each allele. For example, an estimated allelic effect of 0.25 
means that an individual carrying one copy of this particular allele on average 
experiences an increase in survival by a factor of e(0.25) = 1.28; that is, a 28% increase 
in survival or a selection coefficient of 0.28. The survival of individuals carrying two 
copies of the allele increases by a factor of e(2*0.25) = 1.64, i.e. 64% or a selection 
coefficient of 0.64.  
To test for frequency dependent selection we regressed estimated additive 
allelic effects against allele frequencies, weighing each observation by the precision 
of the estimate, that is, the inverse of the squared standard error.  The non-
independence between estimated allelic effects (the response variable in the 
regression) was ignored, which is likely to inflate the probability of type II errors 
(false rejection of a true null hypothesis) beyond the nominal 0.05 level.   
 
 
3. Results 
 
There was minimal hatchery mortality at the egg stage among families 
(average 1.6% ±3% s.d.), indicating that there was no significant selection in the 
period up to the eyed-egg stage. In addition, all control eggs retained in the hatchery 
produced viable fry, indicating a post-hatch success of 100%. From parr density 
estimates derived from quantitative electrofishing surveys, we estimate that 89% of 
the progeny introduced into the river died between planting out of eggs and our 
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sampling, representing a significant potential for selection. Observed genotypes of six 
of the control microsatellite loci (One107, Ssa171, Ssa197, Ssp2215, SasaD144b, 
SSOSL85) in fish surviving at six months were close to expectations based on 
neutrality and the genotypes of the parents in the crosses made. Thus, for these loci, 
the neutral model (H00) was most appropriate (Table 2), as indicated by the low 
Akaike Information Criterion (AIC) values. For one other control microsatellite locus 
(SsaG7SP) and the Sasa-UBA-3UTR microsatellite marker, the AIC values indicated 
that the model including common dominance deviations (H10), was a better fit than 
the neutral model (H00) (Table 2). However, explicit tests of H00 vs. H10 were not 
significant in both cases (p=0.12 and p=0.09 for Sasa-UBA-3UTR and SsaG7SP loci 
respectively), even without correcting for multiple comparisons, making it unlikely 
that selection had acted at these loci. For Ssa202, the H01 model had a lower AIC 
value than the neutral model (H00), and the difference was significant (H00 vs H01, 
D=22.4, df=10, p=0.013). This indicates that there was selection at this locus. The 
occurrence of alleles of all loci in eggs (predicted from the genotypes of parents) and 
in fish surviving at 6 months can be found in the supplementary material (Table S1). 
Analysis of the Sasa-DAA-3UTR marker and Sasa-DAA allele data showed 
that observed genotypes in fish surviving at 6 months deviated significantly from 
genotypes that would be expected from the parental cross (Fig. 1), indicating that 
selection had occurred at these loci. The occurrence of Sasa-DAA alleles in eggs and 
fish surviving at 6 months are given in Table 3. The AIC values for both the Sasa-
DAA-3UTR marker and Sasa-DAA allele indicate that model H01 was the best fit for 
the data (Table 2) which indicates that the mechanism of selection was an additive 
allelic effect common to both groups of fish (Early and Late Owenmore). Analysis of 
the deviance of the various models indicated that the difference in the allelic effects 
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between groups was only marginally statistically significant (H01 vs. H02, D=17.05, 
df=9, p=0.048) and that dominance deviations were only significantly different from 
zero when main additive allelic effects were not present (H00 vs. H20, D=324, 
df=661, p<0.00001), and were not statistically significant when additive allelic effects 
were included (H01 vs. H21, D=53, df=52, p=0.44).  An extension of the selected 
model, which included only a common dominance deviation, was also not significant 
(H01 vs. H11, D=0.09, df=1, p=0.76).  Estimates of the allelic effects under the 
selected model (H01) are given in Table 4. Selection coefficients (calculated from the 
allelic point estimates) ranged from –0.96 to 0.96 (Fig. 2), indicating average survival 
could decrease by up to 96% or increase by up to 96%, depending on the Sasa-DAA 
allele that a fish was carrying. This value was calculated for heterozygote fish, and the 
selection coefficient would be significantly higher for homozygote fish.  
There was no significant relationship between overall allelic effects and 
frequencies for the Sasa-DAA allele (t=0.59, df=11, p=0.57). 
 
4. Discussion and conclusions 
 
In our experiment on the relative fitness of genotypes during early juvenile life 
in Atlantic salmon, the data for both the marker and allele Sasa-DAA (MH class II) 
loci deviated significantly from neutrality, while the data for seven out of eight 
control microsatellites and the Sasa-UBA-3UTR (Class I) locus did not. The Ssa202 
microsatellite showed a signal of selection, and in retrospect, may not have been a 
good choice as a putative neutral marker as this marker has been recently shown to be 
sex-linked (Woram et al. 2003; Gilbey et al. 2004). As natural selection resulting from 
disease should only be detectable at immunogenetic loci, such as MHC, while other 
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forces such as genetic drift, migration and mutation should be detectable at both 
control and immunogenetic loci (Garrigan & Hedrick 2003), we conclude that the 
cause of the deviation of the Sasa-DAA loci from neutrality was related to selection on 
the MH class II  as a result of an immune response, rather than any demographic 
event. Our results also show that additive allelic effects were more important than 
heterozygote advantage (dominance deviation) at this locus in determining juvenile 
survival. This supports the suggestion of Grimholt et al. (2003) that homozygosity 
may be an advantage for MH class II in laboratory based disease challenge 
experiments, and also concurs with several studies of MHC selection in natural 
vertebrate populations, which found evidence for balancing selection through 
frequency dependence rather than heterozygote advantage (Paterson et al. 1998; 
Meyer-Lucht & Sommer 2005; Schad et al. 2005).   
Additive allelic effects are consistent with the hypotheses that frequency-
dependent selection or fluctuating selection pressures from pathogens maintain MHC 
polymorphism more so than heterozygote advantage. Although we found alleles that 
were either positively or negatively associated with survival, our results do not permit 
us to conclusively state whether the mechanism involved is frequency-dependent 
selection as there was no significant relationship between overall allelic effects and 
frequencies. This is contrary to the results for other free-ranging vertebrates such as 
Soay Sheep (Paterson et al. 1998) and Gray mouse lemurs (Schad et al. 2005), which 
found that common alleles were associated with reduced survival.  In light of these 
results, it would seem that Hedrick’s model (Hedrick 2002), which suggests that 
temporal variability in pathogen resistance (fluctuating selection pressure) can 
maintain MHC polymorphism in the absence of frequency dependent selection, may 
be applicable to wild salmon populations. 
 17 
While MH class I and class II loci were included in this experiment, only the 
data from MH class II showed evidence of selection. This result is not unexpected for 
a number of reasons. MHC class I gene products are specifically involved in the 
presentation of virus-derived peptides leading to the activation of cytotoxic T cells 
that eliminate virus-infected cells. In contrast, MHC class II gene products have a 
broader spectrum of action as they present pathogen-derived peptides to T helper 
cells, leading to the activation of phagocytic cells and the production of antibodies, 
immunological traits that are involved in the elimination of parasites and bacteria and 
neutralization of viruses (Janeway et al. 2005). The relative importance of class II 
traits over class I traits is underpinned by the difference of persistence over 
evolutionary time-scales of allelic lineages of class I and class II genes in salmonids 
(Shum et al. 2001) and is also evidenced by  observations on the distribution of class I 
and class II alleles among sympatric species of the Lake Tana large African barb 
species flock (Kruiswijk et al. 2005). In the latter, it was observed that sympatric 
species of the large African barbs share class I alleles, but the class II alleles are 
completely partitioned among the different sympatric barb species. Significantly, 
results from populations of Atlantic salmon in the Baltic sea indicated that a MH class 
II alpha locus departed significantly from neutrality, while a MH class I locus did not, 
suggesting that the MH class II locus was under balancing selection (Vasemägi et al. 
2005). Finally, it should also be noted that the data on the MHC class I locus was 
actually on variation at the Sasa-UBA-3UTR microsatellite marker embedded in the 3' 
untranslated region of the gene. Although the relationship between allele size at Sasa-
UBA-3UTR and sequence variation at the MHC class I locus was consistent in a 
Norwegian farmed population (Grimholt et al. 2002), it is possible that this 
relationship is not as consistent in the natural population studied here as a result of 
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recombination and/or mutation. Using variation at Sasa-UBA-3UTR may therefore 
have reduced our power to detect selective effects on the MHC class I locus. 
There was a very small, but statistically significant, amount of over-dispersion 
in the data, typically around c=1.2 (Table 2), suggesting that some explanatory 
variable influencing survival was not accounted for by the chosen models. One 
possibility is a hitchhiking effect, where selection on the Sasa-DAA locus may lead to 
apparent selection on other linked and unlinked loci, unless there is perfect linkage 
disequilibrium (Crow & Kimura 1970), something that is unlikely in practice when 
crossings are made between finite numbers of parents. A family effect, that is, 
differing fitness of individual alleles in the different genetic backgrounds inherited 
from each parent, may be another possibility. In designing our experiment we 
endeavoured to maximise the number of available alleles as there was no a priori 
knowledge of what alleles might be important to the survival of fish in the wild, even 
though we were cognisant that a large number of parents may compromise the 
statistical sensitivity of the model to examine family effects (sire effect, dam effect 
and sire x dam interaction) in addition to allelic effects (due to overparameterisation).  
This proved to be the case in our analysis, and we were unable to successfully model 
family effects with the data available. However, the small amount of over-dispersion 
in the study suggests that such possible family or hitchhiking effects were only of 
minor importance.  Consequently, it appears reasonable to ignore dependencies 
between genotype counts from the same families, which should also be small. A 
future experiment, either typing significantly greater numbers of survivors than were 
analysed here or using a reduced number of parents would allow an analysis of the 
interaction between parental and allelic effects. 
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Given the history of furunculosis, a disease caused by the bacterium 
Aeromonas salmonicida, in the Burrishoole system, which Owenmore fish would not 
have been previously exposed too, we would have expected to see some correlation 
between the DAA alleles identified by Grimholt et al. (2003) as being resistance or 
susceptible to furunculosis and the results from our experiment. This proved not to be 
the case however, as two of the alleles (Sasa-DAA*0501 and Sasa-DAA*0101) which 
were found to be associated with susceptibility to furunculosis in the lab, or at least a 
variant of that disease, had higher relative fitness in our fish.  This suggests that our 
experimental population either did not experience a furunculosis epidemic, or if they 
did, it was a different strain to that used in the laboratory experiment.  Alternatively, 
this result may indicate that, while laboratory studies can highlight which MH alleles 
can confer resistance or susceptibility to a particular pathogen in a small experimental 
population (Langefors et al. 2001a; Lohm et al. 2002; Grimholt et al. 2003), it may be 
that the same allele cannot be considered advantageous or disadvantageous in a wild 
population in a natural environment with a wide range of pathogens varying over 
space and time.  
As MHC class II molecules have a broad spectrum of activity, we have no 
indication of what the pathogen or pathogens might have been in this experiment.  We 
assume that the Burrishoole river system has a unique community of naturally 
occurring endemic pathogens, which is likely to be different from the pathogen 
community in the Owenmore River. The MH class II allele composition of the 
Owenmore fish is a product of the host-pathogen relationship in the native river, 
evolving over a period of time i.e. local adaptation. In transferring the Owenmore fish 
to a new environment in the Burrishoole system, we potentially exposed the fish to 
new selective pressures to which they were not adapted. This experimental design is 
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one way of exposing animals to novel disease challenges. While the most obvious 
way of doing this would be to directly introduce specific pathogens into the wild, and 
monitor the response in the recipient population, our experimental design, transferring 
the animal to the pathogen, has an obvious advantage from an ethical point of view, 
but lacks specificity in determining the selective agent.  
Given the potential for variability in pathogens and pathogenicity over time 
and space in the wild, it would seem that natural or hatchery populations have the best 
chance of dealing with episodic and variable disease challenges if MHC genetic 
variation is preserved both among and within populations. This is particularly relevant 
to wild Atlantic salmon as they are increasingly at risk of losing genetic variation 
either directly through introgression with cultured fish (McGinnity et al. 2003), or 
indirectly as a result of disease transmission from aquaculture (Håstein & Lindstad 
1991; Johnsen & Jensen 1994; McVicar 1997). While it might be argued that the 
introduction of novel genes and parasites from aquaculture stocks is exactly the sort 
of raw material that is needed to maintain and increase genetic diversity, we would 
argue that such introgressions have the potential to bring in a range of pathogens, but 
not a lot of new alleles, particularly in the case of MH class II. This conclusion is 
supported by genetic typing work on Norwegian farm fish (Stet et al. 2002; 
Consuegra et al. 2005), which failed to find MH alleles in farm fish that were not 
already present in their wild counterparts, and in addition found a smaller number of 
alleles in the farm populations. With respect to hatchery populations, there is currently 
considerable interest within large commercial breeding programs in identifying 
specific genes associated with disease resistance.  However, as populations that have 
been cultivated in hatcheries often show loss of genetic variability due to the effects 
of inbreeding (Norris et al. 1999), our results suggest that substantial benefits in 
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disease resistance could be conferred by simply reducing the effects of inbreeding and 
maintaining allelic variation at MH loci.  
Our conclusions are based on the early life stages of Atlantic salmon. 
However, it is worth noting that this species undergoes a number of other major 
mortality events, both prior to smolting, and in the sea. Further work is required to 
quantify the impact of MH genotype on survival of salmon over their entire life 
history and thus its contribution to overall Darwinian fitness. 
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Figure 1. Locations of the Burrishoole and Owenmore catchments in Ireland (top left 
panel), the experiment river in the Burrishoole catchment (bottom left panel) and 
quantitative electrofishing sites, electrofishing sections for sample collection and 
artifical redds in the experiment river (right panel).  
 
Figure 2. Sasa-DAA (MH Class II) allele frequencies in Atlantic salmon eggs (grey 
bars) and 0+ parr surviving after 6 months in a natural river (white bars) for two 
groups of fish – Early Owenmore, (top) and Late Owenmore (bottom).  Egg allele 
frequencies were calculated from parental crosses.  
 
Figure 3. Selection coefficients for Sasa-DAA (MH Class II) alleles in Atlantic 
Salmon surviving after 6 months in a natural river. The selection coefficient for a 
heterozygote = e(allelic point estimate) –1. Allelic point estimates were calculated by fitting 
observed and expected genotype frequencies to model H01 (see Table 1 for details).   
 
 
 
Short title: Natural selection on MH in wild salmon 
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Table 1. Summary of alternative selection models fitted using GLM to observed and 
expected genotype frequencies in Atlantic salmon surviving in the wild in a section of 
the Burrishoole river system six months after introduction. A full explanation of the 
models used is described in the Statistical analysis section of Materials and methods.  
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Table 4. Allelic point estimates (±standard errors) and selection coefficients for each allele at the Sasa-DAA locus calculated using Model 
H01. An estimated allelic point effect of, for example, 0.25 means that an individual carrying one copy of this particular allele on average 
experiences an increase in survival by a factor of e(0.25) = 1.28; that is, a 28% increase in survival or a selection coefficient of 0.28. 
 
 
Sasa-DAA 
allele 
 
allelic point estimate 
 
standard error 
 
selection coefficient 
 
DAA*0101 
 
 0.31 
 
0.12 
 
 0.36 
DAA*0201  0.46 0.11  0.59 
DAA*0301  0.53 0.14  0.70 
DAA*0302  0.67 0.10  0.96 
DAA*0303 -3.20 0.93 -0.96 
DAA*0304 -0.41 0.15 -0.33 
DAA*0401  0.11 0.12  0.12 
DAA*0501  0.42 0.15  0.52 
DAA*0601  0.17 0.10  0.19 
DAA*0602  0.35 0.15  0.41 
DAA*0901  0.61 0.13  0.84 
DAA*1001 -0.22 0.02 -0.20 
DAA*1202  0.20 0.13  0.23 
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